We report a survey of the reactivity of the first isolable iron-hydride complexes with a coordination number less than 5. The high-spin iron(II) complexes [( -diketiminate)Fe(µ-H)] 2 react rapidly with representative cyanide, isocyanide, alkyne, N 2, alkene, diazene, azide, CO2, carbodiimide, and Brønsted acid containing substrates. The reaction outcomes fall into three categories: (1) addition of Fe-H across a multiple bond of the substrate, (2) reductive elimination of H 2 to form iron(I) products, and (3) protonation of the hydride to form iron(II) products. The products include imide, isocyanide, vinyl, alkyl, azide, triazenido, benzo[c]cinnoline, amidinate, formate, and hydroxo complexes. These results expand the range of known bond transformations at iron complexes. Additionally, they give insight into the elementary transformations that may be possible at the iron-molybdenum cofactor of nitrogenases, which may have hydride ligands on high-spin, low-coordinate metal atoms.
Introduction
Organometallic chemists have long appreciated the many reactions of transition-metal hydride complexes, especially reductions.
1 Recently, hydride chemistry has become established in bioinorganic systems. 2 Nitrogenases are prodigious reductants that cleave double and triple bonds in N 2 , CO 2 , N 2 O, N 3 -, and CN -at iron-sulfur clusters (FeMoco in the molybdenum-iron nitrogenases, FeVco in the vanadium-iron nitrogenases, and FeFeco in the iron-only nitrogenases).
3 Because these substrates are reduced by multiples of two electrons accompanied by the addition of protons, chemists have often speculated about the potential role of hydrides. 4 Recently, the first direct evidence for hydride intermediates in nitrogenase emerged from electron-nuclear double resonance (ENDOR) studies of nitrogenase mutants freeze-trapped during substrate turnover. For example, a Val70Ile mutant of A. Vinelandii molybdenum-iron nitrogenase freeze-trapped during proton reduction shows two hydrogen nuclei with very strong coupling to the S ) 1 / 2 iron-sulfur cluster, strongly suggesting the presence of Fe-H bonds. 5 This frozen species loses two molecules of H 2 upon annealing to -20°C, raising the possibility that these two hydride ligands can combine with nearby protons to release H 2 .
6 This species is thought to be in the redox state that reacts directly with N 2 in the wild-type MoFe nitrogenase, 7 underscoring the importance of hydride-containing intermediates in enabling the nitrogen reduction activity characteristic of this enzyme.
From the perspective of the coordination chemist, there are a number of ways that potential FeMoco-bound hydrides differ from the majority of known synthetic transition-metal hydride complexes. First, FeMoco hydride adducts could achieve a number of different oxidation levels. One-electron redox changes undoubtedly occur in the FeMoco because electrons are supplied to the FeMoco one at a time by the Fe protein, which dissociates and reassociates before each one-electron reduction of the FeMoco. 3 However, most synthetic hydride complexes have diamagnetic metal centers, and little one-electron chemistry has been reported. 9, 10 Second, the iron ions in the FeMoco are expected to be high-spin, based on ligand field considerations (weak-field sulfide donor set, coordination number less than five) and the results of computational studies.
11 Synthetic hydride complexes, on the other hand, typically have strong-field organometallic or phosphine coligands, which enforce a lowspin electronic configuration.
12, 13 These fundamental differences motivate synthetic research aimed at the creation of iron-hydride complexes with weak-field ligands and low coordination number, to determine their characteristic reactivity patterns and reaction mechanisms, which can in turn be correlated with nitrogenase reactions.
Often the design of functional models of an enzyme is driven by an attempt to achieve structural similarity to the enzyme's active site. 14 In the case of nitrogenase, an accurate structural mimic of the FeMoco hydride species is elusive for several reasons. First, the FeMoco of iron-molybdenum nitrogenase ( Figure 1 ) has eight transition metals in a cluster type (M 8 S 9 C or M 8 S 9 N or M 8 S 9 O) that is unknown in synthetic chemistry. 15, 16 Second, the crystallographically characterized form of the FeMoco (M N ) does not have hydrides, as shown by ENDOR: hydrides are only incorporated concurrent with catalytic turnover. 5 In any case, X-ray crystal structures of proteins do not have sufficient resolution to distinguish hydrogen atoms. Third, the N 2 -binding form of the FeMoco is reduced by three to four electrons from M N , and the FeMoco may undergo structural rearrangements upon reduction. 7, 17 Peters and Holland have independently proposed that dissociation of X is important in enabling substrate binding to iron, based on the binding of N 2 to synthetic iron complexes. 18 Computational studies come to a variety of conclusions regarding the structural flexibility of the FeMoco during catalysis. 11 In short, there are many questions about the structure of the iron-hydride nitrogenase intermediates, and the available data are not sufficient to provide guesses about their structure(s).
For these reasons, we have created one-and two-iron compounds that focus on two key features of the nitrogenasehydride intermediates: the weak-field ligands and the coordination number less than five. 18a Extremely bulky bidentate -diketiminate ligands ( Figure 2 ) have π-donating nitrogen atoms that lead to a weak ligand field. 19 The bulky diisopropylphenyl groups maintain a low coordination number that mimics the ligand-poor environment of the iron atoms in the FeMoco. Using these ligands, we have isolated the only examples of iron-hydride complexes with a coordination number less than fiVe (Figure 2 ). 20, 21 Our studies on low-coordinate iron are complemented by those of Peters and co-workers, who use tridentate, strong-field tris(phosphino)borate (BP 3 ) supporting ligands that contain "soft" phosphine donors, and more often give low-spin electronic configurations. 22 In the BP 3 systems, it has not yet been possible to isolate a low-coordinate iron hydride, but the presence of a terminal hydride in four-coordinate complexes is strongly implied by the isolation of products that result from activation of solvent or the supporting ligand. 23 Bridging hydrides have recently been observed in a few electronically unsaturated dinuclear complexes, 24, 25 and borohydrides have been studied on iron-sulfur clusters. 26 Recent contributions from our group have described the reaction of [L tBu FeH] 2 with azobenzene to cleave the NdN bond, 20, 27 and the reaction of [L Me FeH] 2 with boranes to cleave B-C bonds. 28 This manuscript reports a wider variety of reactions with unsaturated small molecules that are nitrogenase substrates or organic-soluble mimics of these substrates. By examining the reactions with representative compounds, one may begin to understand some of the unusual reaction patterns available to hydride complexes with a high-spin electronic configuration. In addition, a number of the products have novel structural and/or electronic features that are interesting from a fundamental perspective. 28 Multiple crystallizations are typically necessary to remove these impurities, and 1 H NMR spectroscopy is used to judge purity of the hydride complexes. The good yields of many of the products derived therefrom support the purity of 1a and 1b.
Results

Iron
The 1 H NMR spectrum of 1a consists of seven resonances; the number of signals and their integrations are characteristic of the diketiminate ligand in a local C 2V symmetry environment. It has no unusual temperature-or concentration-dependent changes in its 1 H NMR or UV-vis spectra, suggesting that the dimeric structure in the solid state is always maintained. To learn more about the electronic structure of 1a, we examined a solid sample using Mössbauer spectroscopy. The zero-field Mössbauer spectrum at 80 K (Supporting Information, Figure S-6) exhibits a superposition of two quadrupole doublets with 72% and 28% relative intensities. The major component has δ ) 0.70(2) mm/s and ∆E Q ) 0.86(2) mm/s, whereas the minor component shows δ ) 0.49(2) mm/s and ∆E Q ) 2.06(2) mm/ s. The values for the minor component are relatively similar to those of a high-spin Fe(I) diketiminate complex (∆E Q ) 2.02 mm/s, δ ) 0.41 mm/s at 180 K).
19c Therefore, we assign the component to contamination from an unidentified Fe(I) impurity.
In contrast, the Mössbauer parameters of the major component, particularly the isomer shift, are in the range of high-spin iron(II) diketiminate complexes (δ ) 0.62-0.86 mm/s), and so it is assigned to 1a. 19, 29 Magnetic Mössbauer spectra measured at 4.2 K with applied fields up to 7 T show that the major component is diamagnetic, suggesting antiferromagnetic coupling between the two iron(II) ions. In sum, the spectroscopic data support the formulation of 1a as an exchange-coupled pair of high-spin iron(II) ions with a ground state of S ) 0.
The 1 H NMR spectrum of 1b has at least 17 overlapping peaks, because of extreme steric crowding in the dimer that presumably renders some ligand bond rotations slow on the NMR time scale. 27 Upon heating a solution of 1b in C FeH that is slow on the NMR time scale (ms) but rapid on the time scale of the equilibration (min). Therefore, in the discussion below it should be understood that 1b does not refer specifically to the monomer or dimer, but the equilibrating mixture of the two.
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Reactions with CtN Triple Bonds, and with N 2 and CO. . Some bands almost certainly derive from decomposition products, because bands at 2050, 1969, and 1948 cm -1 are observed in the IR spectrum of a sample from allowing 2a to completely decompose. Therefore, only the peak at 2122 cm -1 can be assigned confidently as a CtN stretching vibration of 2a. Computations (see below for details) predict the second stretching vibration at 2050 cm -1 after correction for anharmonicity, so it is possible that the peak at 2050 cm -1 derives from 2a as well as a decomposition product.
The product has also been characterized by X-ray diffraction of a crystal grown at low temperature. The solid-state structure of 2a is illustrated in Figure 3 . The iron atom has a square planar geometry, with the sum of angles 360.4(5)°. The two isocyanides are not identical: one CNC angle is almost linear (170.1(2)°) while the other is bent. The bent isocyanide ligand is disordered; two positions of the t Bu group were observed, and the ratio of components is exactly 50:50 owing to the presence of a crystallographic inversion center. Both refined ligand positions show bent isocyanide ligands (CNC angles of 164.0(7)°and 148.3(7)°). The refinement model required that geometrical restraints be placed on the N t Bu portions of the two ligand disorder components, specifically that the N-C( t Bu) bond lengths and angles in both components be similar. The result is a disorder model that confirms the CNC bending, but that should be used with caution with regard to the exact values of the angles.
The ambiguous spectroscopic and crystallographic data left unanswered questions about 2a. Therefore, hybrid quantum mechanics/molecular mechanics (QM/MM) computations were performed to study complete models of 2a. The optimized geometry of the doublet state (E relative ) 0) is square planar about iron, but the higher energy quartet state (E relative ) 3.9 kcal/ mol) has a tetrahedral coordination geometry upon QM/MM geometry optimization. (Figure 4, bottom) indicates that the large t Bu group pushes the two -diketiminate ligands toward the bridging hydride, which significantly reduces the dihedral angle between the two -diketiminate planes to around 81°in each of the two independent molecules in the crystal structure. This structural distortion makes the 1 H NMR spectrum more complicated than in 3a. At ambient temperature, approximately 16 peaks are observed. Severe overlap between peaks has made attempts to assign peaks and measure the solution magnetic moment unsuccessful. At -20°C, these ∼16 peaks split into ∼25 peaks, consistent with a reduction of symmetry from C s (in a conformation like that in the crystal structure, but with the two -diketiminate ligand planes coplanar on average) to C 1 (the symmetry in the solid state).
Another kind of insertion product is observed when 1b is treated with t BuCN. In this case, the orange product is monomeric L Some triple bonds do not insert into the Fe-H bond. There is no evidence for thermal reaction of hydride complexes 1a and 1b with N 2 : use of high pressures of dinitrogen (up to 800 psi at 60°C) gave L tBu FeOFeL tBu , the product of reaction with moisture, as the only product observable by 1 H NMR spectroscopy.
29b However, irradiation of each hydride complex under 1 atm of N 2 with a high-pressure mercury lamp yields quantitative conversion to L R FeNNFeL R over the course of 18 h (1a) or 3 d (1b) as shown by 1 H NMR spectroscopy. These dinitrogen complexes have a formal oxidation state of +1 at each iron atom, and therefore result from reduction. 36 Therefore, it is possible to induce these hydride complexes to reductively eliminate H 2 and bind N 2 , but this transformation requires photolysis. 
2.000(3), 2.016(3)
1.857 (2) a The two -diketiminate ligand planes are related by a crystallographic inversion center.
Reactions with CtC Triple Bonds. Acetylene is the most commonly studied unnatural substrate of nitrogenases, and it is reduced to ethylene. 37 Mutant nitrogenase enzymes can also reduce longer-chain alkynes.
38,39 Here, we examine the reactivity of the low-coordinate iron hydride complexes with alkynes diphenylacetylene and 3-hexyne.
Complex 1a inserts into the C-C triple bond in PhCCPh to form L Me FeC(Ph)dC(H)Ph (6a) in 75% yield. This vinyl product is analogous to L tBu FeC(Et)dC(H)Et (6b), which was previously reported from the reaction of 1b with 3-hexyne. 20 Figure 6 presents the crystal structure of 6a. The C-C distance (1.347(2) Å) and C-C-C angles (129.0(2)°, 121.6(2)°) in the vinyl ligand confirm that both carbons of the CdC double bond have sp 2 hybridization. The 1 H NMR spectrum of 6a shows seven peaks for the -diketiminate protons, indicating averaged C 2V symmetry from rapid rotation around the Fe-C14 bond on the NMR time scale.
Monitoring the reaction of 1a with PhCtCPh, or the reaction of 1b with EtCtCEt, shows no dependence of the reaction rate on [PhCtCPh] (Table 2) . Therefore, the rate laws are rate ) k[1] with first-order rate constants 1.7(2) × 10 -3 s -1 (1a/ PhCCPh at 31°C) and 5.0(5) × 10 -4 s -1 (1b/EtCCEt at 15°C ). The first-order rate law is inconsistent with the interaction of alkyne with 1a or 1b during or prior to the rate-limiting step of the reaction. Two mechanistic possibilities consistent with the rate law are shown in Scheme 2. In pathway A, the opening of a single Fe-H bond is the rate determining step. We consider this Fe-H bond opening pathway to be more likely for the reaction of alkyne with 1a because (1) there is no other evidence for any monomer form of 1a by NMR or UV-vis spectroscopy; (2) in the reaction of 1a with boranes, the rate law was firstorder in [1a] and first-order in [BEt 3 ] but independent of the steric demands of the borane or iron complex. 28 These data were inconsistent with dissociation of 1a into monomers (which predicts a half-order dependence on [1a] ) and most consistent with single Fe-H opening, as in the bottom reaction pathway here. In pathway B, dimer cleavage is the rate determining step, as proposed for the reaction of 1b with 3-hexyne. 20 This pathway is reasonable for 1b, because the monomer is rapidly accessed at room temperature (see earlier). The rate of the reaction is consistent with the rapid equilibrium of monomer and dimer observed previously. 20 So, although the evidence is not definitive, the kinetic data here and elsewhere are most indicative of the pathway A in the reactions of alkynes with 1a, but pathway B for alkyne reactions with 1b. This difference is consistent with the greater steric demands of the diketiminate ligands in 1b than 1a.
Reactions with CdC Bonds. We previously reported that L Me Fe(alkyl) complexes with -hydrogens can act as sources of transient hydride species L Me Fe(H)(alkene). These react with alkenes to give insertion products, and complexes L Me FeR′ (R′ ) ethyl, 1-propyl, 2-propyl, 1-butyl, 2-butyl, cyclohexyl, 2-phenethyl) were fully characterized. 30 We have also characterized numerous alkyl complexes of iron with the larger L tBu ligand. 40 With isolated iron hydride complexes in hand, we verified that the addition of alkenes to isolated 1a or 1b gives alkyl complexes of the same type through [1, 2] (Figure 7) shows that the compound is dinuclear in the solid state with an Fe · · · Fe distance of 5.0966(4) Å. Each iron atom is coordinated to two azide ions, which bridge the iron atoms in a µ 1,3 -end-to-end fashion with inequivalent iron-nitrogen bond lengths of 2.061(1) and 2.025(1) Å. The eight atoms of the Fe 2 N 6 core are coplanar, in contrast to the only other crystallographically characterized endto-end bridged iron azide complex,
, which has a chair conformation. 44 The dihedral angle between the Fe 2 N 6 plane and the We recently reported a detailed study of the reaction of 1b with PhNdNPh, which leads first to the [1,2]-addition product L tBu FeNPhNHPh, and subsequently to the amido complex L tBu FeNHPh. 27 Mechanistic studies were most consistent with a radical chain mechanism, mediated by an iron(I) carrier. 27 Reaction of the smaller 1a with PhNdNPh at ambient temperature gives a mixture of products as judged by the 1 H NMR spectrum. It has not been possible to purify and isolate these compounds, but they may be tentatively assigned as L Me FeNPhNHPh and L
Me
FeNHPh on the basis of the similarity of their 1 H NMR spectra with the L tBu analogues. 27 Longer reaction time or heating does not drive the reaction mixture to L Me FeNHPh. Instead decomposition occurs, probably due to the instability of L Me FeNHPh.
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We also investigated the reaction of 1a with 2 equiv of benzo[c]cinnoline, which gave 90% conversion to deep green 9a. The detection of 1.07(3) equiv of H 2 by GC is consistent with the reaction stoichiometry shown in Scheme 5. In this case, there is no addition across the NdN double bond; rather, H 2 is lost and the benzo -C 6 H 6 ), in which the benzene ligand is bound relatively weakly (it is displaced rapidly by phosphines, alkenes, and alkynes). 57 Since benzene competes effectively with benzo[c]-cinnoline as a ligand, it shows that the heteroaromatic π-ligand is bound weakly as well. Reactions with Carbon Dioxide and Carbodiimide. After azide, CO 2 is another heterocumulene that is a substrate of nitrogenase. Seefeldt and co-workers have shown that CO 2 is slowly reduced to CO by the nitrogenase enzyme. 58 Complexes 1a and 1b each react with 2 equiv of carbon dioxide at room temperature, generating yellow solids that are formulated as formate-bridging diiron complexes (10a, 10b) based on X-ray crystallography (Figure 10) . Only a few crystallographically characterized η 2 -formato bridging iron complexes have been reported in the literature. These complexes were synthesized from iron formate, Fe(O 2 CH) 2 · 2H 2 O, 59 reaction of iron metal and formic acid, 60 or Fe(ClO 4 ) · 10H 2 O with NaO 2 CH. 61 Reactions of CO 2 with iron hydride complexes are uncommon. 61 The formate-bridged diiron complexes are insoluble in pentane, and only somewhat soluble in aromatic solvents, a problem that was especially severe for 10b. The solution magnetic moment of 10a is 8.8(2) µ B , consistent with two nearly uncoupled high-spin iron(II) ions, and 10b was too insoluble to derive a reliable value. The 1 H NMR spectrum of 10a at room temperature has six peaks with chemical shifts that range from 18 ppm to -60 ppm, suggesting idealized D 2h symmetry. Although this observation is consistent with either monomer or dimer in solution, no decoalescence is seen in the 1 H NMR spectrum of 10a in toluene from -35 to 120°C, indicating that the crystallographically observed dimer is the most likely solution species. In 10b, the 1 H NMR spectrum at 85°C has only seven peaks that integrate as expected for a fully symmetric diketiminate ligand, and the chemical shifts are similar to those in 10a. Interestingly, new peaks appear at lower temperatures.
These peaks are consistent with splitting of a isopropyl methine and one isopropyl methyl resonance, which correspond to the protons closest to one another in the dimer. Unfortunately, the poor solubility of 10b, especially at low temperature, prevents us from fully characterizing this phenomenon. The available data are consistent with either a monomer-dimer equilibrium, or a change from slow to rapid flipping of the diketiminate planes to each side of a dimer (change from C 2h to effective D 2h point group symmetry).
To overcome the issues caused by the low solubility of these products, we investigated the analogous reaction of diisopropyl carbodiimide (
Pr) with 1b. This reaction proceeded rapidly and quantitatively at room temperature to give the formamidinate complex L tBu Fe( i PrNCHN i Pr) (11b) in 89% yield. This compound is monomeric, in contrast to the dimeric formate complexes derived from CO 2 , a result that is most reasonably attributed to the steric hindrance of the isopropyl groups on the carbodiimide. In the solid state structure of 11b (Figure 11 ) both the diketiminate ligand and the formamidinate ligand are coordinated in an η 2 fashion to the Fe atom, giving a distorted tetrahedral geometry around the metal center. The N-Fe-N bite angle of each ligand is typical.
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Reactions with Brønsted Acids. As described above, EPR investigations suggest that an FeMoco species with two hydrides can lose two equivalents of H 2 to return to the hydride-free resting state. 6 This suggests that some low-coordinate iron hydride species could be protonated by nearby Brønsted acids to give H 2 . To investigate the susceptibility of synthetic Fe-H compounds to protonation of the hydride, we explored the reactions of 1a and 1b with weak acids.
In the presence of excess water, the low-coordinate iron hydride complexes decompose to intractable mixtures that contain free -diketimine, suggesting that the acid protonates the R position of the -diketiminate ligand. Reaction with smaller amounts of water often gives mixtures as well. In a few cases, using solutions of H 2 O in tetrahydrofuran gives mixtures in which one compound predominates, enabling isolation. For example, we reported that addition of 1 equiv of H 2 O to 1b (0.5 equiv per iron) gives the unique oxodiiron(II) complex L tBu FeOFeL tBu in 71% yield. 29b In another reaction, the addition of 2 equiv of water to 1a gives a green iron complex, L Me Fe(µ-OH) 2 FeL Me (12a) in 67% yield (Scheme 6). The solid state structure of 12a (Figure 12 ) has pseudo-D 2h symmetry, and half of the molecule is related to the other half- 
Discussion
Addition of Fe-H across a Multiple Bond.
The low coordination number at the iron atoms in these hydride complexes enables reactions with many unsaturated organic compounds. Rapid [1, 2] additions are seen with alkenes, alkynes, imines, ketones, nitriles, carbodiimides, and carbon dioxide. These reactions generally place the iron fragment on the more electronegative atom of the double bond, and the hydrogen on the less electronegative atom. These are not uncommon reactions of transition-metal hydride complexes, 1 but they appear to be quite rapid in this system relative to literature iron complexes of higher coordination number. For example, a mixture of trans-[FeHCl(dppe) 2 ] and TlBF 4 reacts only with alkynes in which there is an ester functionality that can chelate to the metal. 65 The reactions of phosphine-supported octahedral iron hydrides with alkynes often give a variety of products, including acetylide and vinylidene complexes. 66 Known saturated iron hydride complexes do not react with alkenes 66 except cyclopropene. 67 Although there are not many literature examples of heterocumulenes (CO 2 , CS 2 , carbodiimides) reacting with iron hydrides, these reactions appear to be facile in one case.
68
Cyanide compounds (nitriles) are not usually reactive toward insertion into the Fe-H bonds of iron-hydride complexes, aside from one example of insertion from a dinuclear iron-carbonyl complex.
68 Acetonitrile more typically coordinates to iron. 70 In the -diketiminate complexes described here, the iron hydrides reduce RCN to a RC(H)dN -ligand under mild conditions. Interestingly, the outcome of the insertion reactions is dependent on the steric demands of the -diketiminate ligand and the nitrile. With the bulkiest -diketiminate (L tBu ) and nitrile ( t BuCN), the product is a monomeric complex. With the smallest -diketiminate (L Me ) and nitrile (CH 3 CN), the product is a dimer with two bridging imidoyl ligands. Finally, with t BuCN and the less bulky hydride complex, a single insertion occurs and the steric bulk prevents access of the second nitrile to the remaining bridging hydride.
The reaction of adamantyl azide with 1b gives a triazenido complex that results from formal [1,1]-addition. A few latemetal alkyl complexes have been observed to give [1,1]-addition to azides. 70 The lone example of a triazenido ligand on iron is in a dinuclear iron-carbonyl complex, where the triazenide derives from protonation of an anionic azide complex. 71 To our knowledge, the only other reaction of an iron hydride complex with an azide involves the addition of sodium azide to L 2 FeH 2 (L ) bidentate phosphine ligand) in methanol, which replaces the hydride ligand with azide. 73 A search of the CSD shows that L tBu Fe(HNNNAd) is the first structurally characterized complex of a triazenido ligand bearing a hydrogen atom. 34 Mechanistic and spectroscopic studies indicated the formation of hafnium, rhenium, and tungsten triazenido complexes from the reaction of azides with hydride species. 51, 74 In the hafnium complex, mechanistic studies indicated that the HNNN(aryl) -ligand decomposes to NH(aryl)
-through a shift of the hydrogen atom to the carbon-bound nitrogen atom, followed by extrusion of N 2 . In the iron system studied here, a similar mechanism can explain the conversion of the triazenido complex to L tBu FeNHAd. Recent reports of other low-coordinate iron systems are also indicative of high reactivity, although hydride species were not isolable in these systems. For example, Chirik has used lowcoordinate pyridinediimine-iron and R-diimine-iron complexes as precatalysts for catalytic alkene hydrogenations, though hydride complexes were not isolated. 75 Peters has proposed a transient four-coordinate iron hydride complex that adds across an aromatic CdC bond of benzene, 76 and Ohki and Tatsumi have proposed the intermediacy of Cp*FeH in the cleavage of NdN bonds. 77 These precedents imply that the high activity of the isolable low-coordinate iron-hydride complexes described here is likely to have broader generality to other supporting ligands.
Reductive Elimination of Dihydrogen. Numerous polyhydride complexes, both monometallic and multimetallic, are capable of formal reduction through loss of H 2 when a ligand is added. 78 Some synthetic hydride complexes have been observed to lose H 2 with the addition of N 2 .
79, 80 Specifically with iron, a few polyhydride complexes reductively eliminate H 2 with ligand binding.
25, 81 Iron-dihydrogen complexes have been studied in octahedral systems. 82 The reactions typically involve reduction of iron(II) to iron(0), not to iron(I) as observed here. In a recent paper, Peters has presented evidence supporting reversible metalation of a ligand alkyl group in a low-coordinate iron(I) complex. 23b We see no evidence of stable H 2 complexes in thermal or photochemical elimination reactions of the diketiminate-supported iron hydride complexes, because any putative transient "LFe" or "LFe(H 2 )" is trapped by N 2 (in the photochemical reaction) or the added ligand (thermal reactions with CO or CNR). The thermal reactions must proceed through a mechanism in which substrate binding precedes H 2 loss, because 1a and 1b are stable at room temperature in solution and under vacuum. We infer that interaction with ligands activates the iron hydride species toward H 2 loss. As described above in the context of alkene/alkyne insertion, the available evidence suggests that [L
Me
FeH] 2 reacts through a low-population isomer in which one iron-hydrogen bond has opened in the Fe 2 H 2 core. The subsequent L Me Fe(substrate)(µ-H)Fe(H)L Me complex could be unstable with respect to breaking the remaining Fe-H bond to give an iron(I) product and an unstable iron(III) dihydride complex L Me FeH 2 , which could lose H 2 leading to the remaining iron(I) product. Though other mechanisms are consistent with the data, this is a working model for further studies of these reactions; it also rationalizes why the stronger ligands and those more resistant to insertion reactions (isocyanides, benzo[c]cinnoline, some azides) lead to iron(I) products. In the case of Me 3 SiN 3 , the product is not the iron(I) compound itself, but instead the result of reductive coupling of trimethylsilyl groups in Me 3 SiN 3 . Because the reductive coupling product also results from treatment of Me 3 SiN 3 with the iron(I) source LFeNNFeL, iron(I) species are likely intermediates in this reaction.
The product of the reaction of 1a with benzo[c]cinnoline is especially interesting. Despite the presence of lone pairs on the two nitrogen atoms of this heterocycle, the iron coordinates instead to the π-system. There are only four previous crystal structures in which benzo[c]cinnoline is a ligand to a transition metal: Ti and Yb complexes with the metal in the plane of the aromatic rings, 83 a complex with the diazene bridging the iron atoms in a Fe 2 (CO) 6 fragment, 84 and the cobalt(0) complex (PMe 3 ) 3 Co(benzo[c]cinnoline). 85 The latter complex is the most similar to the one shown here, from its formal d 7 electronic configuration to the similar angle between the MN 2 and aromatic planes (68°vs. 55°here). 85 We have previously shown that benzene coordinates in a η 6 binding mode in L Me Fe(C 6 H 6 ), 57 Because of the greater electronegativity of nitrogen than carbon, the stabilizing shift of electron density from the iron to the unsaturated ligand is more effective in the iron(I) complex of benzo[c]cinnoline.
We also note that strongly hydridic M-H bonds like those in 1a and 1b are characteristic of early transition metal hy-drides, 86 30, 52, 57 Further research will show whether the reactivity of other low-coordinate late-metal systems will also tend to mimic the behavior of transition metals with a lower d electron count.
Protonation To Give Dihydrogen. Many iron-hydride complexes are protonated by acids to release H 2 . For example, in iron complexes of a PNP ligand, the necessary pK a of the acid was determined to be less than 10.5 (a coordinated nitrogen was protonated in preference to the hydride ligand).
87, 88 On the other hand, the diketiminate-bound iron hydrides are protonated by weak acids such as diisopropylaniline and diphenylhydrazine. 27 Using literature values in DMSO, 64 one can conclude that acids with pK a value up to 32 (and perhaps higher) can protonate 1a and 1b.
Protonation of a hydride ligand may be a key step in nitrogen fixation by nitrogenases. In this hypothesis, one of the metalbound hydride ligands is protonated and released as dihydrogen to open a coordination site for dinitrogen binding. 89 This hypothesis is consistent with Hoffman's ENDOR-based conclusion that the N 2 binding form of the iron-molybdenum cofactor is at the E 4 H 2 state. 6 There are a number of acidic Arg residues near the binding face of the iron-molybdenum cofactor.
3 This hypothesis finds support here, in that weak acids are capable of protonating the hydride ligand to form H 2 .
Insight into Potential Nitrogenase Mechanisms. Some nitrogenase researchers have explained the production of H 2 by nitrogenase during N 2 reduction as the result of ligand-assisted reductive elimination. 3 In this model, creation of hydrides provides a way for the FeMoco to store electrons for N 2 reduction without reaching an unrealistically low charge and reduction potential. Release of H 2 from the FeMoco is thought to be concurrent with N 2 binding, explaining why H 2 is a competitive inhibitor of N 2 reduction. 7 Other substrates are not inhibited by H 2 because the extra "boost" in reducing power from H 2 loss is not necessary. The reactivity of complexes 1a and 1b can be viewed using this model, in that they have sufficient reducing power to react thermally with all nitrogenase substrates except N 2 . Thus, the reactivity of compounds 1 mimics not the E 4 state, but a less reduced FeMoco intermediate (E 2 or E 3 ) that reduces alternative substrates like alkynes, CO 2 , cyanide, and azide. Photolysis of the hydride complexes 1a and 1b provides the "boost" required to bind the weak ligand N 2 .
Even though 1a and 1b do not reduce N 2 , their reducing power is superior to octahedral Fe-H complexes, a difference that might arise from the low coordination number, the highspin electronic configuration, the weak Fe-H bond strength, or (most likely) a combination of these effects. Considering that iron atoms in the FeMoco have a low-coordinate geometry and high-spin electronic configuration, these factors are clearly identified as reasonable targets for evaluation in the enzyme.
It is notable that nitrogenase inhibitors (or analogues thereof) like CO, RNC, and RN 3 typically cause the synthetic hydride complexes 1a and 1b to lose H 2 and bind the small molecule that was added. Therefore, one may hypothesize that these small molecules might inhibit enzymatic N 2 reduction by binding strongly to the FeMoco, causing premature loss of H 2 . The addition of 1a and 1b to small molecules that are substrates of nitrogenase (or analogues thereof), like RCN, alkynes, RN 3 , and RNdNR, typically forms a new substrate-H bond, and no H 2 is lost. An exception is benzo[c]cinnoline: although it mimics the nitrogenase substrate diazene, it displaces H 2 like an inhibitor. This may be attributed to the aromatic nature of benzo[c]cinnoline, 90 which perhaps makes it more resistant to reduction than other diazenes. Azides and cyanides are inhibitors and substrates in the enzyme, and in the synthetic compounds they sometimes give H 2 and sometimes are reduced. Therefore, the reactions of the synthetic compounds 1a and 1b recall the bifurcated reactivities of these molecules with the enzyme.
It is also worth comparing the specific products of substrate reduction by nitrogenase and the products from the synthetic iron complexes. The synthetic compounds typically do not complete the reduction and release the appropriate product, but maintain a bond between the iron atom and the partially reduced substrate. For example, 1a and 1b reduce alkynes to iron-vinyl complexes, but do not release alkene. They reduce one CdO bond of CO 2 , but do not eliminate water to give CO. 91 They reduce CtN bonds to CdN bonds, but do not continue the reduction to methylamine or methane/ammonia. These outcomes may be attributable to the absence of protons in the synthetic system that would release the anionic ligand, either as a product or as an intermediate that is subsequently reduced to the final product. Future studies will examine the further transformations of these small molecules at iron.
Conclusions
In summary, we have shown that the first isolable lowcoordinate iron hydride complexes are highly reactive toward various unsaturated small molecules. The reactions can be categorized into three types: (1) insertions of a multiple bond of the substrate into the Fe-H bond with two-electron reduction of the substrate; (2) reductive elimination of H 2 and coordination (or one-electron reduction) of the substrate; (3) loss of H -to an acidic proton of the substrate, releasing H 2 and giving an iron complex of the conjugate base. Some of the products isolated have novel structural features, such as a square-planar iron(I) complex, a face-bound complex of benzo[c]cinnoline, and a monoalkylated triazenido complex. The reaction patterns are reminiscent of elementary steps in the proposed nitrogenase catalytic mechanism and support the idea that hydrides on the low-coordinate, high-spin iron atoms of the FeMoco would be capable of some of the characteristic reactions of the FeMoco. In addition, these studies identify some possible reasons why certain small molecules are substrates of nitrogenases and others are inhibitors.
Experimental Section
General Procedures. All manipulations were performed under a nitrogen atmosphere by Schlenk techniques or in an M. Braun glovebox maintained at or below 1 ppm of O 2 and H 2 O. Glassware was dried at 150°C overnight. NMR data were recorded on a Bruker Avance 500 spectrometer (500 MHz). All peaks in the NMR spectra are referenced to residual protiated solvents (benzene δ 7.16 ppm; toluene δ 2.08 ppm; cyclohexane δ 1.38 ppm). In parentheses are listed integrations and assignments. Resonances were singlets unless otherwise specified. Infrared spectra (450-4000 cm -1
) were recorded on KBr pellet samples in a Shimadzu FTIR spectrophotometer (FTIR-8400S) using 32 scans at 2 cm -1 resolution. UV-vis spectra were measured on a Cary 50 spectrophotometer using screwcap cuvettes; descriptions of the spectra include extinction coefficients in parentheses. Solution magnetic susceptibilities were determined by the Evans method.
92 Elemental analyses were determined by Desert Analytics, Tucson, AZ.
Pentane, tetrahydrofuran (THF), diethyl ether, and toluene were purified by passage through activated alumina and "deoxygenizer" columns from Glass Contour Co. (Laguna Beach, CA). Deuterated solvents were first dried over CaH 2 , then over Na/benzophenone, and then vacuum transferred into a storage container. Before use, an aliquot of each solvent was tested with a drop of sodium benzophenone ketyl in THF solution. 
L
Me Fe(µ-OCHO) 2 FeL Me (10a). A resealable flask was loaded with 1a (254 mg, 0.27 mmol) and pentane (15 mL). CO 2 (256 mbar, 61.7 mL, 0.64 mmol) was condensed in the reaction flask at 77 K over 30 min. The flask was warmed to room temperature and stirred for 22 h. Volatile materials were removed from the yellow mixture under vacuum and the residue was extracted with toluene (30 mL), filtered, and concentrated to 5 mL. Cooling to -35°C gave yellow blocks of 10a (138 mg, 50% [L
Me
Fe(µ-OH)] 2 (12a). To a solution of 1a (189 mg, 0.20 mmol) in THF (10 mL), a solution of H 2 O in THF (0.28 mM, 1.45 mL, 0.41 mmol) was added dropwise with stirring. Bubbling was observed and the solution turned to green. The solution was stirred at room temperature for 20 h. Volatile materials were removed under vacuum with heating at 120°C. The residue was extracted with pentane (20 mL), filtered, and concentrated to 5 mL. Cooling to -35°C gave a green powder, which was further dried under vacuum with heating at 120°C for 10 h to give dry 12a (131 mg, 67% 
